It has been shown that oxidative stress and activation of the c-Jun N-terminal kinase (JNK) pathway induce the nucleo-cytoplasmic translocation of the pancreatic transcription factor PDX-1, which leads to pancreatic β-cell dysfunction. In this study, we show that the forkhead transcription factor Foxo1/FKHR plays a role as a mediator between the JNK pathway and PDX-1. Under oxidative stress conditions, Foxo1 changed its intracellular localization from the cytoplasm to the nucleus in the pancreatic β-cell line HIT-T15. The overexpression of JNK also induced the nuclear localization of Foxo1, but in contrast, suppression of JNK reduced the oxidative stress-induced nuclear localization of Foxo1, suggesting the involvement of the JNK pathway in Foxo1 translocation. In addition, oxidative stress or activation of the JNK pathway decreased the activity of Akt in HIT cells, leading to the decreased phosphorylation of Foxo1 following the nuclear localization of Foxo1. Furthermore, adenovirus-mediated Foxo1 overexpression reduced the nuclear expression of PDX-1, whereas repression of Foxo1 by Foxo1-specific siRNA retained the nuclear expression of PDX-1 under oxidative stress conditions. Taken together, Foxo1 is involved in the nucleo-cytoplasmic translocation of PDX-1 by oxidative stress and the JNK pathway.
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Diabetes mellitus is the most prevalent metabolic disorder all over the world. Impaired insulin secretion and whole body insulin resistance play major roles in the development and progression of diabetes. In particular, pancreatic β-cell function such as insulin biosynthesis and secretion is often impaired under chronic hyperglycemic conditions found in diabetes (1) .
Several lines of evidence have implicated oxidative stress in the progression of β-cell dysfunction in type 2 diabetes (1) (2) (3) (4) (5) (6) (7) (8) . Under diabetic conditions, reactive oxygen species (ROS) are increased in many tissues and organs through activation of the mitochondrial electron transport chain (9) or acceleration of glycation reactions (1, 3) and cause various forms of tissue damage in patients with diabetes (10) . Extracellular hyperglycemia readily causes intracellular hyperglycemia in β-cells, leading to the induction of ROS in pancreatic islets of diabetic animals as best represented by the enhanced expression of oxidative stress markers such as 8-hydroxy-2'-deoxyguanosine (8-OHdG) and 4-hydroxy-2,3-nonenal (4-HNE) (7, 8) . In addition, because pancreatic islet cells express a relatively low amount of anti-oxidative enzymes such as glutathione peroxidase and catalase (11) , β-cells are likely to be sensitive to oxidative stress. Indeed, we and other groups have recently demonstrated that in vivo antioxidant treatment can exert β-cell protective, anti-diabetic effects in animal models for type 2 diabetes (4) (5) (6) .
It has been reported that the activity of the c-Jun N-terminal kinase (JNK) pathway, which is known to be activated by various stress signals such as cytokines or oxidative stress (12, 13) , is abnormally elevated in various tissues under diabetic conditions (14) . As an underlying molecular mechanism of oxidative stress-mediated β-cell deterioration, we have reported that JNK activation is involved in the reduction of insulin gene expression by oxidative stress and that suppression of the JNK pathway can protect β-cells from glucose toxicity (15, 16) . In addition, we have shown that the JNK pathway is also important in insulin resistance by interfering with the insulin signaling pathway, suggesting that the JNK pathway plays a central role in the pathophysiology of diabetes (17, 18) .
Regarding the molecular mechanism of β-cell deterioration, we have reported that JNK activation induces the nucleo-cytoplasmic translocation of the pancreatic transcription factor PDX-1, and thereby reduces PDX-1 DNA binding activity (16) . PDX-1, also known as IPF-1, IDX-1, and STF-1, is a homeodomain-containing transcription factor, which plays a pivotal role in pancreatic development, β-cell differentiation (19) (20) (21) (22) , and in maintaining mature β-cell function (19, 21, 22) . As support for the implication of PDX-1 in β-cell dysfunction, the reduction of insulin gene expression in β-cells chronically exposed to high glucose conditions either in vivo or in vitro is often accompanied by a decrease of PDX-1 expression in nuclei (4, 5, (23) (24) (25) .
Regulation of the intracellular localization of transcription factors is a crucial requirement for their action, and stimulus-dependent nuclear import can serve as a mechanism to regulate gene expression (26, 27) . PDX-1 was reported to have a functional nuclear localization signal (28, 29) and undergoes nuclear translocation in response to several functional stimuli such as high glucose or GLP-1 (30) (31) (32) . Conversely, we showed that PDX-1 also possesses a nuclear export signal and showed its nuclear export in a JNK dependent manner (16) . However, the precise mechanism as to how the JNK pathway induces the nuclear export of PDX-1 is still unknown.
The forkhead transcription factor Foxo1 (previously known as FKHR) is a mammalian homologue of DAF-16, and is known as one of the important fundamental transcription factors playing a key role in apoptosis, cellular proliferation and differentiation, and glucose metabolism through regulating the transcription of various target genes (33, 34) . It is reported that Foxo1 regulates hepatic gluconeogenesis and thus contributes to insulin resistance (35) . Insulin inhibits the function of Foxo1 through Akt/PKB-mediated phosphorylation and nuclear exclusion (36) , and thereby suppresses hepatic gluconeogenesis. Foxo1 was recently reported to inhibit PDX-1 gene transcription in pancreatic β-cells (35, 37) , suggesting that it is involved in the deterioration of β-cell function. Moreover, since Foxo1 exhibits a counter localization to PDX-1 in β-cells (37), Foxo1 translocation might modulate the nucleo-cytoplasmic translocation of PDX-1 by oxidative stress.
Here, we investigated the missing link between the JNK pathway and PDX-1 function in β-cells, and found that oxidative stress induces the nuclear translocation of Foxo1 through activation of the JNK pathway, which leads to the nucleo-cytoplasmic translocation of PDX-1. Our findings suggest the involvement of the JNK-Akt-Foxo1-PDX-1 axis in the impairment of PDX-1 function, and this pathway may explain part of the molecular mechanisms of β-cell dysfunction found in diabetes.
Materials and Methods
Materials -Restriction enzymes, DNA polymerases, antibodies, and other modification enzymes were purchased from commercial suppliers (New England Biolabs, Beverly, MA; Toyobo, Tokyo, Japan; Sigma-Aldrich, St. Louis, MO; Cell Signaling Technology Inc., Beverly, MA; Santa Cruz Biotechnology, Santa Cruz, CA; Zymed Laboratories, San Francisco, CA). PCR primers and oligonucleotides were purchased from Invitrogen Japan (Tokyo, Japan). Tissue culture media were purchased from Sigma-Aldrich, and fetal calf serum (FCS) from Invitrogen Japan. Cell Culture -HIT-T15 cells (ATCC no. 1777) were maintained in RPMI-1640 medium containing 11.1 mM glucose, 10% FCS, 100 µg/ml streptomycin and 100 U/ml penicillin, at 5% CO 2 and 37 °C. The HIT-T15 cells used in this study were between passages 80-100. Immunocytochemistry -For immunostaining of cultured cells, the cells were seeded on a Lab-Tek chamber slide (Nalge Nunc International, Rochester, NY) and cultured for 2 days in appropriate medium. After rinsing with PBS three times, the cells were fixed with 4% paraformaldehyde for 20 min. For detection of Foxo1 and PDX-1, the cells were microwaved in citrate buffer for antigen retrieval before being incubated with blocking serum. Each slide was treated with a H 2 O 2 solution to inactivate endogenous peroxidase. Detection of Foxo1 and PDX-1 was performed by the avidin-biotin complex (ABC) method using the Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA). After blocking, the cells were incubated for 60 min with an anti-Foxo1 rabbit IgG antibody diluted 1:100 (Cell Signaling Technology) or an anti-PDX-1 antibody diluted 1:1000 (38) in PBS containing 1% bovine serum albumin. The cells were subsequently incubated for 30 min with biotinylated anti-rabbit IgG (Vector Laboratories) at a dilution of 1:200. The sections were then incubated with ABC reagent for 30 min, and positive reactions were visualized by incubation with 3,3'-diaminobenzidine tetrahydrochloride substrate (Zymed Laboratories).
Isolation of Nuclear, Cytoplasmic and Whole Cell
Extracts and Western Blot Analyses -HIT-T15 cells were cultured in 60-mm-diameter culture dishes until approximately 80% confluency. For isolation of nuclear extracts, the cells were then collected into microtubes, centrifuged for 20 s in a microcentrifuge, and resuspended in 200 µl of 10.0 mM Hepes, pH 7.9, containing 10.0 mM KCl, 1.5 mM MgCl 2 , and 0.5 mM dithiothreitol (DTT). After incubation at 4 °C for 15 min, cells were lysed by passing 10 times through a 22 gauge needle. Next, the cells were centrifuged for 20 s in a microcentrifuge, and the supernatant (cytoplasmic fraction) was removed and frozen in small aliquots. The pellet, which contained the nuclei, was re-suspended in 150 µl of 20 mM Hepes, pH 7.9, containing 20% v/v glycerol, 0.1 M KCl, 0.2 mM EDTA, 0.5 mM DTT, and 0.5 mM phenylmethanesulfonyl fluoride, then stirred at 4 °C for 30 min. The nuclear extracts were then centrifuged for 20 min at 4 °C in a microcentrifuge. The supernatant was collected, aliquoted into small volumes, and stored at -80 °C.
For isolation of whole cell extracts, the cells were collected into microtubes, centrifuged for 1 min in a microcentrifuge, and resuspended in 150 µl of 20 mM Hepes, pH 7.9, containing 20% v/v glycerol, 0.1 M KCl, 0.2 mM EDTA, 0.5 mM DTT, and 0.5 mM phenylmethanesulfonyl fluoride, then stirred at 4 °C for 30 min. After centrifugation for 20 min at 4 °C in a microcentrifuge, the supernatant was collected as whole cell extracts, aliquoted into small volumes, and stored at -80 °C.
Western blot analyses were performed following standard procedures as described below. Nuclear, cytoplasmic or whole cell proteins derived from each cell sample were fractionated by SDS-PAGE, blotted onto a nitrocellulose membrane (Optitran BA-S85, Schleicher & Schuell), and incubated overnight at 4 °C in PBS buffer containing a 1:1000 dilution of either rabbit anti-Foxo1, anti-Ser 256 -phosphospecific Foxo1, anti-Thr 24 -phospho-specific Foxo1, anti-Akt, anti-Ser 473 -phospho-specific Akt, anti-JNK antibody (Cell Signaling Technology), or anti-USF-1 antibody (Santa Cruz Biotechnology), a 1:5000 dilution of rabbit anti-PDX-1 antibody (38), or a 1:1000 dilution of goat anti-β-actin antibody (Santa Cruz Biotechnology). The membrane was then incubated at room temperature for 60 min in PBS buffer with a 1:2000 dilution of anti-rabbit IgG or anti-goat IgG horseradish peroxidase-conjugated secondary antibody (Zymed Laboratories), and then for 2 min with chemiluminescence reagent (Perkin Elmer, Boston, MA). The antigen-antibody complex was detected by exposure to a light-sensitive film for the appropriate exposure time. Relative protein amounts were estimated by densitometry after scanning using a Fluorchem IS-8000 image analyzer system (Alpha Innotech Corporation, San Leandro, CA). Preparation of Recombinant Adenoviruses -Recombinant adenoviruses expressing the wild type (WT) and dominant-negative (DN) form of JNK, the WT and DN form of Foxo1, and Foxo1-specific siRNA were prepared using the AdEasy system (kindly provided by Dr. Bert Vogelstein, the Johns Hopkins Oncology Center) (39) . The generation of JNK WT and JNK DN expressing adenoviruses was described previously (15) . Expression plasmids for the WT and DN form (∆256) of mouse Foxo1 were kind gifts from Dr. J. Nakae (Kobe University Graduate School of Medicine, Kobe, Japan) (40) . In brief, the coding region of WT and Foxo1 DN (∆256) was cloned into the SalI-EcoRV site of the shuttle vector pAdTrack-CMV, and annealed double-strand synthesized hairpin siRNA template oligonucleotides including 21bp sequences for Foxo1-specific siRNA (5'-AAAAGTCCTTCAGATTGTCTG-3') (41) was also cloned into the MluI-HindIII site of the shuttle vector pRNAT-H1.1/Adeno (GenScript, Picataway, NJ). To allow for homologous recombination, the linearized plasmid containing Foxo1 WT or Foxo1 DN, or Foxo1-specific siRNA and the adenoviral backbone plasmid, pAdEasy-1, were introduced into electrocompetent Escherichia coli BJ5183. The linearized plasmids were transfected into the adenovirus packaging cell line 293 using LipofectAMINE (Invitrogen), and the adenovirus titers were increased up to 1 x 10 8 plaque-forming units (PFU)/ml in the 293 cells.
Control adenovirus expressing green fluorescent protein (Ad-GFP) was prepared in the same manner. Adenovirus titers were further increased up to 1 x 10 10 PFU/ml using the Virakit for Adenovirus5 recombinant adenovirus purification kit (Virapur LLC, San Diego, CA). The HIT-T15 cells were infected with various adenoviruses at 3 x 10 8 pfu/ml. Subsequent experiments were conducted 48 h after the initial addition of the virus. The efficiencies of the adenovirus-mediated gene transfers were between 80% and 95%.
Results
Oxidative stress induces nuclear accumulation of
Foxo1.
To investigate the effect of oxidative stress on the expression and intracellular localization of Foxo1, we first examined the intracellular distribution of Foxo1 by immunostaining. In the pancreatic β-cell derived cell line HIT-T15, Foxo1 changed its intracellular localization from the cytoplasm to the nucleus under oxidative stress conditions (Fig.1A) . Next, to quantify the change in intracellular distribution of Foxo1 by oxidative stress, we performed Western blot analyses using nuclear and cytoplasmic protein extracts isolated from the HIT cells. As shown in Fig.  1B , the amount of nuclear Foxo1 was increased by treatment with 50 µM H 2 O 2 , whereas the amount of cytoplasmic Foxo1 was decreased (Fig.1B) . In contrast to Foxo1, the nuclear expression of PDX-1 was decreased and its cytoplasmic distribution was increased by oxidative stress (Fig.1C) . Also in immunostaining, PDX-1 showed nucleo-cytoplasmic translocation under oxidative stress conditions (Fig.1C) . The equivalence of nuclear and cytoplasmic components was verified by the expression of USF-1 (42) and β-actin respectively (Fig.1D) .
It is known that the intracellular distribution of Foxo1 is mainly determined by its phosphorylation status (36) . Foxo1 is retained in the cytoplasm upon phosphorylation by Akt at multiple sites (36) . Conversely, a decrease in phosphorylation of Foxo1 allows Foxo1 to remain in the nucleus. The phosphorylation of Foxo1 at Ser 256 which was reported to be important in determining the intracellular localization of Foxo1 (36) , was shown to be reduced under oxidative stress conditions (Fig.1E) . This is consistent with the observations of the nuclear accumulation of Foxo1 under oxidative stress conditions (Fig.1B) . These results thus indicate that oxidative stress induces the nuclear accumulation of Foxo1 via reducing its phosphorylation status of Foxo1.
Oxidative stress reduces insulin-induced phosphorylation of Akt.
Next, to explore the upstream mechanism of oxidative stress-induced nuclear accumulation of To confirm that equal amounts of protein were loaded among the samples, whole cell protein extracts were immunoblotted with an anti-Akt antibody ( Fig.2A  middle panel) and an anti-β-actin antibody ( Fig.2A  lower panel) . The graphs depict the averages of data obtained from three individual experiments, and data are expressed as means ± S.D. (Fig.2B) . Thus, these results indicate that oxidative stress reduces the insulin-induced phosphorylation of Akt, which leads to an alternation in the phosphorylation status of Foxo1 and its nuclear accumulation.
The JNK pathway is involved in the nuclear translocation of Foxo1. Two major mitogen-activated protein kinase (MAPK) pathways, the JNK and p38 MAP kinase pathways, can be activated by a variety of extracellular stress signals, such as UV, heat, and oxidative stress, and induce various cellular responses (12, 13) . It has been suggested that activation of the JNK pathway is involved in β-cell dysfunction by oxidative stress (15) . In addition, we have recently reported that the nucleo-cytoplasmic translocation of PDX-1 induced by oxidative stress is mediated by activation of the JNK pathway (16) . Hence, we next investigated the possible implication of the JNK pathway in this oxidative stress-induced nuclear accumulation of Foxo1.
When a dominant-negative form of JNK (JNK DN) was expressed by infection of a JNK DN expressing adenovirus (Fig.3A) , the oxidative stress-induced nuclear accumulation of Foxo1 was greatly inhibited (Fig.3B upper panel) . In contrast, no such effects were observed when a GFP expressing adenovirus was infected (Fig.3B upper panel) . Moreover, when a JNK WT was overexpressed by infection of a JNK WT expressing adenovirus (Fig.3A) , Foxo1 showed nuclear accumulation even without oxidative stress (Fig.3B upper panel) . As shown in the lower panel of Fig.3B , the cytoplasmic expression of Foxo1 also changed in contrast to the nuclear expression of Foxo1. A decrease in cytoplasmic Foxo1 was also induced by oxidative stress, and inhibited by JNK DN (Fig.3B lower panel) . These observations indicate that the oxidative stress-induced nuclear accumulation of Foxo1 is due to its translocation from the cytoplasm to the nucleus. These results also suggest that the JNK pathway partially mediates the oxidative stress-induced nuclear translocation of Foxo1. Consistent with our previous report (16) , nuclear expression of PDX-1 was reduced by oxidative stress and overexpression of JNK, and preserved by the expression of JNK DN, whereas the amount of whole cell PDX-1 was not affected (Fig.3C) . Thus, PDX-1 showed a counter localization to Foxo1.
The JNK pathway affects the phosphorylation status of Akt. Since the JNK pathway was shown to be involved in the intracellular translocation of Foxo1 induced by oxidative stress, we next investigated the involvement of the JNK pathway in Akt activity, which is the main regulatory component of Foxo1 intracellular localization (36) .
As shown in the upper panel of Fig.3D , when cells were subjected to oxidative stress or JNK WT was overexpressed, the phosphorylation of Akt at Ser 473 was reduced compared with basal conditions in which only GFP expressing adenoviruses were infected. On the other hand, expression of a JNK DN by infection of a JNK DN expressing adenovirus preserved the Ser 473 phosphorylation of Akt even in the presence of oxidative stress. To confirm that equal amounts of protein were loaded among the samples, whole cell protein extracts were immunoblotted with an anti-Akt antibody (Fig.3D ). These observations suggested that the oxidative stress-induced impairment of Akt phosphorylation was partially mediated by the JNK pathway in pancreatic β-cells. JNK is known to induce serine-phosphorylation of IRS-1, and thereby reduces the activity of IRS-1 and also its downstream target Akt (17, 44) . Taking these findings together, as a molecular mechanism underlying this oxidative stress-induced nuclear translocation of Foxo1, the modification of the IRS-1-Akt pathway by JNK activated under oxidative stress conditions was suggested, and this reduced activity of Akt was also suggested to be an upstream mechanism of the decreased phosphorylation and nuclear localization of Foxo1. The confirmation of equal protein amounts loaded among the samples was obtained by the equal expression of nuclear USF-1 and whole cell β-actin by Western blot analysis (Fig.3E ).
Foxo1 directly affects the intracellular localization of PDX-1.
Our results indicated the JNK-mediated nuclear localization of Foxo1 under oxidative stress conditions. On the other hand, PDX-1 was shown to change its localization from the nucleus to the cytoplasm in a JNK dependent manner under oxidative stress conditions (16) . Furthermore, Foxo1 was reported to repress PDX-1 promoter activity via binding to the Foxa2 binding site in the PDX-1 promoter and inhibiting transcription (37) , and thereby reducing the expression of PDX-1. Since Foxo1 shows a counter localization to PDX-1 in pancreatic β-cells (37), this translocation might be an upstream mechanism of PDX-1 translocation from the nucleus to the cytoplasm.
To clarify the relationship between Foxo1 and PDX-1, and the possible involvement of Foxo1 in the intracellular localization of PDX-1, we investigated the direct effect of the overexpression or reduction of Foxo1 using an adenovirus expressing wild type Foxo1 (Foxo1 WT) and a dominant-negative form of Foxo1 (Foxo1 DN), and a Foxo1-specific siRNA expressing adenovirus vectors. At first, adenovirus-mediated overexpression of Foxo1 WT and Foxo1 DN, and a knock-down effect of Foxo1-specific siRNA were confirmed by Western blot analysis using nuclear protein extracts from adenovirus-infected or siRNA-treated 293 cells (data not shown). Then, the adenoviruses were introduced to the experiments using the HIT cells. Foxo1 expression was actually induced in the HIT cells infected with Foxo1 WT expressing adenovirus compared to the cells infected with GFP-expressing adenovirus (Fig.4A) . The expression of Foxo1 DN was confirmed by Western blot analysis using an anti-Thr 24 -phospho-specific Foxo1 antibody because this mutant Foxo1 is a truncated fragment containing only 256 aa of the N-terminus (40) . In nuclear protein extracts from Foxo1 DN infected HIT cells, truncated Foxo1 was observed around 27 kDa, conversely no blotted band was observed within nuclear proteins from the control GFP infected HIT cells (Fig.4B) . The knock-down effect of Foxo1-specific siRNA was also confirmed by Western blot analysis using nuclear protein extracts from adenoviral siRNA transfected HIT cells. The expression of Foxo1 was significantly reduced by infection of a Foxo1-specific siRNA expressing adenovirus (Fig.4C) . In contrast to the modification of Foxo1 expression by adenoviruses, the nuclear expression of USF-1 did not change in the HIT cells infected with these adenoviruses (Fig.4D) .
As shown in Fig.4E , when Foxo1 was expressed in HIT cells by infection of a wild type Foxo1 expression adenovirus, the amount of nuclear PDX-1 was reduced even without oxidative stress or JNK overexpression. The expression of Foxo1 DN did not significantly affect the nuclear expression of PDX-1 both with and without oxidative stress. In contrast to the change in nuclear PDX-1 expression, the whole cell expression of PDX-1 was not affected with the status of Foxo1 expression. As shown in Fig.4F , the reduction in Foxo1 by a specific siRNA restored nuclear PDX-1 even in the presence of oxidative stress. These results indicate that Foxo1 directly affects the nuclear expression of PDX-1 by altering the intracellular localization of PDX-1, and also show the possible involvement of Foxo1 in oxidative stress-induced, JNK pathway-mediated nucleo-cytoplasmic translocation of PDX-1.
Discussion
In the present study, we showed that oxidative stress induces the nuclear translocation of Foxo1 through activation of the JNK pathway and that Foxo1 bridges the JNK pathway and PDX-1 through its intracellular translocation. Our findings provide new insights into the molecular background of the JNK-induced deterioration of β-cell function.
Although this study showed that Foxo1 directly induces PDX-1 translocation under oxidative stress conditions, the precise mechanism underlying this phenomenon is yet to be clarified. However, from our findings, this effect of Foxo1 seems to be dependent on the quantity of Foxo1 protein expressed. The overexpression of Foxo1 by adenoviral gene transfer reduced the nuclear expression of PDX-1, in contrast the reduction of Foxo1 by expression of a Foxo1 specific siRNA that reduced Foxo1 protein, restored the nuclear expression of PDX-1 under oxidative stress conditions. On the other hand, the expression of a dominant-negative form of Foxo1 that can bind to the Foxo1 binding sites of its target genes but cannot transactivate its targets because of the lack of a transactivation domain, could not rescue the reduction of nuclear PDX-1 resulting from oxidative stress. These results suggest that the function of Foxo1 in regulating the intracellular localization of PDX-1 might not be due to a transcriptional event, although Foxo1 is reported to reduce PDX-1 promoter activity by competing with Foxa2 for DNA binding to the PDX-1 promoter (37). Indeed, in our finding, the whole cell amount of PDX-1 was not altered by the modification of Foxo1 expression by adenovirus. In our experiments, we investigated the effect of adenoviral Foxo1 modification 48 h after its infection. Thus, at present we cannot exclude the possibility that longer period of Foxo1 modification alters the whole cell expression of PDX-1. Taken together, the protein interaction between Foxo1 and PDX-1 is suggested as the underlying mechanism of PDX-1 translocation.
However, what kind of molecular event occurs between the Foxo1 protein and the PDX-1 protein remains unclear. Some molecular actions such as a modification of acetylation status between these two transcription factors, competition for binding to the transcriptional co-activator p300/CBP, or spatial inhibition of DNA binding might be possible. Both Foxo1 and PDX-1 are also known to interact with p300 that has the ability to modify the acetylation status of its partners (45, 46) . Moreover, the acetylation status of Foxo1 is reported to be involved in the regulation of its functions (47) . Further studies need to be performed to clarify the detailed mechanism underlying the Foxo1-induced nucleo-cytoplasmic translocation of PDX-1.
The insulin signaling pathway is widely known as one of the most important signal transduction pathways especially in insulin target organs such as the liver, skeletal muscle, and adipose tissue (48, 49) . In addition in β-cells, insulin signaling pathways are reported to play an important role in maintaining cellular function (50) (51) (52) (53) (54) . Particularly Akt/PKB, one of the pivotal components in the insulin signaling pathway, is reported to play various critical roles in β-cells such as cell growth, differentiation, and cellular survival by the prevention of apoptosis (55) (56) (57) . In our findings, the phosphorylation of Akt was reduced under oxidative stress conditions, suggesting that Akt is involved in the oxidative stress-mediated nuclear translocation of Foxo1. Moreover, since nuclear translocation of Foxo1 induced the nucleo-cytoplasmic translocation of PDX-1, we assume that the reduced activity of Akt is involved in PDX-1 translocation. The pancreatic β-cell specific insulin receptor disrupted mice showed a characteristic phenotype resembling the pathophysiological condition seen in type 2 diabetic patients, such as impairment of insulin biosynthesis and glucose-stimulated insulin secretion (52) . These reports and our findings together confirm the importance of insulin signaling pathway in β-cells.
Insulin was shown to induce the nuclear translocation of PDX-1 (32), and Foxo1 may be involved in this phenomenon. Insulin activates Akt phosphorylation and thereby induces the cytoplasmic translocation of Foxo1. Reduced nuclear expression of Foxo1 might restore nuclear expression of PDX-1, since suppression of Foxo1 nuclear expression by an siRNA for Foxo1 restored nuclear PDX-1 (Fig. 4F) .
Apart from under pathological conditions, Foxo1 should not have the ability to affect the intracellular localization of PDX-1 unless it has a certain physiological role. Although highly speculative, PDX-1 activity may need to be suppressed under certain circumstances. One possibility is that Foxo1 acts to protect cells from various stimuli such as oxidative stress. DAF-16, the Foxo1 ortholog of Caenorhabditis elegans (C. elegans), has the ability to suppress cellular growth and proliferation, and thus extends lifespan (58) . By contrast, PDX-1 functions as an accelerator of β-cell functions such as insulin transcription, growth and proliferation (59) . Just as DAF-16 in C. elegans, Foxo1 might protect β-cells against cellular damages by suppressing PDX-1 function and thereby arresting cellular functions and growth. In fact, in hepatocytes, Foxo1 undergoes nuclear translocation in response to oxidative stress (47) , and thereby is suggested to prevent cellular damages.
In conclusion, oxidative stress induces the nuclear translocation of Foxo1 through activation of the JNK pathway, which leads to the nucleo-cytoplasmic translocation of PDX-1 and thereby explains, at least in part, the molecular mechanism for β-cell dysfunction found in diabetes. independent experiments. HIT-T15 cells were infected with adenoviruses expressing GFP, wild type Foxo1, Foxo1-∆256 mutant (a dominant-negative form of Foxo1, Foxo1 DN), or Foxo1-specific siRNA (siFoxo1) 48 h prior to nuclear protein extraction. From 24 h after the infections, HIT-T15 cells were treated with or without H 2 O 2 (50 µM) for 24 h, and nuclear and whole cell proteins were extracted from the cells and subjected to Western blot analyses. Adenovirus-mediated overexpression was evaluated by Western blot analyses using an anti-Foxo1 antibody for wild type Foxo1 (A) and an anti-Thr 24 -phospho-specific Foxo1 antibody for the Foxo1-∆256 mutant (B). Knock-down of Foxo1 by an adenovirus expressing a specific siRNA was also evaluated by Western blot analyses using an anti-Foxo1 antibody (C). Nuclear expression of USF-1 was evaluated by Western blot analyses using an anti-USF-1 (D). Nuclear and whole cell expression of PDX-1 was evaluated by Western blot analyses using an anti-PDX-1 antibody (E, F). Whole cell expression of β-actin was evaluated by Western blot analyses using an anti-β-actin antibody (E, F). In A, and B, 20 µg each of nuclear proteins were used. In C, D, the upper panel of E, and the upper panel of F, 50µg each of nuclear proteins were used. In the middle panel of E and F, 100 µg each of whole cell protein extracts and, in the lower panel of E and F, 50 µg each of whole cell protein extracts were used. Same results were obtained in independent experiments.
